Abstract. In this paper an analysis of the absorption line profile at 21 cm hyperfine transition of hydrogen atom in interstellar medium is carried out. It is shown that in most cases the dominant contribution to the profile formation occurs with the account for the additional field on adjacent resonance for the hydrogen atom at rest. The field acting on neighboring resonances leads to the physical processes which can be explained as the interfering pathways between different transitions. In this case the correction to the optical depth can be introduced. A significant none-Doppler broadening of the line profile is found, the frequency shift is determined also. It is shown that the additional physical processes in atom should be taken into account for the detailed analysis of the absorption line profile and for the accurate determination of optical depth and column densities in hydrogen interstellar medium.
Introduction
Investigation of the interstellar medium (ISM) has an extremely high role for the understanding of factors and mechanisms responsible for the formation of gas clouds and dust complexes, their part in the evolution of stars. Measurements toward radio-loud sources can provide information on the structure and physical conditions in galaxies. The observations of the hydrogen clouds are the most probable candidate because it covers most of the interstellar gas. The 21 cm absorption line in hydrogen atom has a special meaning in investigations of this type allowing the determination of the neutral hydrogen distribution and its kinematical properties. Since the direct imaging is restricted by large observing time requirements at all wavebands, the optical imaging studies are complicated [1] . Inasmuch as the interstellar medium is a transparent for the radio frequencies it makes the HI 21 cm line the obvious transition for these studies.
At the same time, the damped Lyman-α (DLA) systems are of particular interest as the high atomic hydrogen HI column density absorbers. The Lyman α absorption can be used as a very sensitive probe of the HI column in clusters of galaxies [2] . The large cross-section for the Ly α transition makes this technique the most sensitive method for the detecting baryons at any redshift [3] . The Lyman-α (whose profile is itself controlled by the kinetic temperature) provides a more effective coupling between the spin temperature and the kinetic temperature for the high density cloud illuminated by powerful source of light [4] . The damping wings of the Lorentzian component of the absorption profile become possible to detected from about the ∼ 10 19 cm −2 column density, reaching their maximum in the "damped Ly α systems" [3] . At the low densities of the ISM, collisions are ineffectual in lowering spin temperature. If Lyman alpha radiation penetrates the HI without heating it, it can actually lower the spin temperature so that the 21 cm line becomes a stronger absorption feature. Thus, the 21 cm absorption and Ly α absorption line profiles provide the two independent tools for the investigation of ISM. On the other hand, investigation in thw absorption 21 cm and Ly α lines can not be considered separately. For example, author of [5] have considered the populations of the magnetic sublevels for the hyperfine splitting of the ground state 2s 1/2 in hydrogen atom. The atomic orientation depending on the intensity, spectrum, angular distribution and polarization of the incident optical and radio emission was also investigated in [5] .
In view of foregoing, the interstellar neutral hydrogen subjected to an external field at the frequencies of hyperfine energy splitting of the ground state, 21 cm, and the Ly α transition is under the consideration in this paper. Consideration of this atomfield system can be reduced to the examination of the three-level atom. Constraints of this evaluation arise mainly due to the description of the hyperfine structure of the ground state without the account for the fine structure of the excited 2p state. However, this approximation can be justified by the large value of the Ly α transition rate and approximate equivalence of the one-photon 1s ↔ 2p transition probabilities between the fine structure sublevels and hyperfine sublevels of the ground state in hydrogen. Moreover, observation of the absorption line on the 21 cm transition makes it unnecessary the detailed consideration of the degenerate excited levels. We should note also that the restriction imposed on the atom-field system for the interstellar medium can be assigned to the determination accuracy of the density flux at the corresponding frequencies.
In connection with the achieved experimental accuracy ≈ 0.1% of the hydrogen column density determination, see for example [6] , it is neccesary to performe the detailed analysis of the absorption line profile for the hydrogen atom in interstellar medium. For this purpose the atom-field system description within the framework of the density matrix theory is employed [7] . On the basis of this formalism, we consider the three-level ladder (cascade) scheme of hydrogen atom. We show that the Lorentz line profile which corresponds to the one-photon absorption process can be obtained only in case of the negligible field strength on the neighboring transition. In the most frequent cases the absorption line profile is formed via the additional physical processes occurring with the system in presence of field but not the "one-photon absorption", that leads to the overrate of the column density of hydrogen atoms. Finally, the discussion of the line broadening and frequency shift arising for such atom-field system is discussed through the paper.
2. Correction to the optical depth via the evaluation of three-level Ξ scheme Recently, the density matrix formalism was applied to evaluation of corrections arising via the electromagnetically induced transparency (EIT) phenomenon and their contribution to the processes of the microwave background (CMB) formation in early universe [8, 9] . In particular, it was shown that these corrections can reach the order of 1%. Corrections to the optical depth for the hydrogen in the interstellar medium can be investigated in the same way.
The appropriate description of the cascade Ξ scheme of energy levels on the basis of the density matrix formalism can be found, for example, in [10, 11] , where phenomenon of electromagnetically induced transparency (EIT) was considered for the Ξ-scheme in the rubidium atom. The physical explanation of the EIT phenomenon in terms of interfering multiphoton transition pathways was given in [12] . On the basis of [10] - [12] we investigate the influence of this effect on the optical depth definition for the interstellar medium. We consider the three-level Ξ scheme in hydrogen atom with the energy levels: the state |1 is the lower sublevel and |2 is the upper sublevel of the ground 1s state, the state |3 represents the excited 2p level in hydrogen atom. We assume that the absorber is subjected to the "probe" and "controled" fields with the frequencies corresponding to the hyperfine splitting ω 21 → |1 ↔ |2 and the Ly α transition ω 32 → |2 ↔ |3 , respectively.
The system of equations for the ladder scheme can be written as
Since the transition between hyperfine sublevels corresponds to the magnetic dipole M1 emission/absorption, the Rabi frequency Ω p is written in terms of magnetic field strength, B p , and the magnetic moment µ. In Eqs.
(1) E c represents the electric field strength for the Ly α transition and d ij is the dipole matrix element. In the absence of collisions γ ij = (Γ i + Γ j )/2, where Γ i is the natural width of ith level. The sytem of equations (1) is written in steady-state and rotating wave approximations. Solution of Eqs. (1) allows the determination of the monochromatic absorption coefficient at the frequency ω ij :
where ε 0 is the vacuum permittivity, N is the number of atoms and Ω ij is the corresponding Rabi frequency. Taking into account the relation k =kφ(ω), wherek is the integrated line absorption coefficient and φ(ω) is the normalized line profile, the monochromatic optical depth can be determined as follows
where l is the distance along the ray and L is the Sobolev length L = 3k B T M /m atom /|v ′ |, see [13] , k B is the Boltzmann constant, T M is the gas temperature, m atom is the atomic mass and v ′ is the velocity gradient. In standard case the monochromatic optical depth corresponds to the resonant process, i.e. the external field acts on the resonant frequency. Such specification is reduced to the two-level atomic system evaluation. Then the one-photon absorption process corresponds to the Lorentz line profile:
where δ p can be considered as a variable. The Doppler effect leads to modification of the expression (4) and the line profile inthis case is given by the Voigt profile (with the use of the convolution of the Lorentz and Gauss profiles). The Voigt profile is ordniray used for the fitting of the absorption line in astrophysical investigations of interstellar medium and corresponds to the standard definition of the optical depth. However, the presence of a second field acting on an adjacen resonance leads to the solution of Eqs. (1) with a more complicated structure [11] . In the limit of the weak 'probe' field the solution for ρ 21 in the first order of the 'probe' field and in all orders of the 'control' field can be obtained in the form:
The expression (5) depends on the second field Ω c . In this case the corrections to 'ordinary' determination (4) can be found via the series expansion in the powers of Ω p(c) at the zeroth detunings δ p(c) . The physics of the corrections arising to the one-photon absorption process |1 → |2 was explained in [12] as the additional interfering pathways between |1 , |2 and |3 states. However, the series expansion over Rabi frequencies can not be employed in our case due to the smallness of the level width Γ 2 ≈ 2.85 · 10 −15 s −1 . Nonetheless, the imaginary part of the ρ 21 is needed only, which is
The first term here represents the one-photon |1 → |2 (21 cm) absorption process, the second term gives the additional process |1 → |2 → |3 → |2 . In absence of the second field Ω c = 0 the second term in Eq. (6) vanishes and the ordinary definition (4) can be found. From this point of view the second term can be considered as the correction to the first one. However, inasmuch as the γ 21 = Γ 2 is negligibly small, the expression (6) consists of the two competitive terms. The magnitude both of them depends strongly on the Ω p and Ω c . Thus, the absorption coefficient and the optical depth, respectively, can not be described by the single Lorentz contour Eq. (4) with the consequent transformation to the Voigt profile. The Voigt fitting, in this case, is the overabundant and covers the physical processes occurring in the medium exposed to the fields on the adjacent resonances. We should stress also that the first term corresponding to the absorption in 21 cm line (|1 → |2 transition) shows that the line profile is broadened and shifted a priori.
The dimensionless correction to the optical depth Eq. (3) arising in context of Eq. (6) can be defined as follows
where τ 0 corresponds to the single profile Im{ρ
21 }. Then correction δτ can be expressed as
Therefore, in accordance to Eq. (6), we obtain
Note that the expression (9) has a resonant character but does not depend on the probe field Ω p acting on the 21 cm line.
None-Doppler broadening and frequency shift
In this section the effects of emission/absorption line broadening and frequency shift is considered for the atom at rest in the assumption of smallness of the Ω c .
None-Doppler broadening
In accordance to the first term in Eq. (6) the spectral line broadening for the |1 → |2 transition arises with the account for the second field Ω c at the adjancent Ly α transition |2 → |3 . This broadening is given by an additional termto the natural width γ 21 in denominator. In other words, the transition width is
The maximal value of such broadening is achieved for the exact two-photon resonance δ p + δ c = 0:
Value of γ broad is smaller than γ 21 in case of Ω 2 c ≤ γ 31 γ 21 . Such situation can be achieved for the absorbers which are very distant from the source of field or the radiation intensity for |2 → |3 line is suppressed in respect to the |1 → |2 transition, see Eqs. (1) . In other cases γ broad can give a significant contribution.
On the other hand, taking into account the motion of gas cloud we can find that the resonant frequency should be shifted. This Doppler line broadening leads to the shift of detuning δ c → δ c + υ c ω c [12] , where c is the speed of light. The speed of hydrogen clouds can reach the order of few hundreds km · s −1 [6, 14] and, in some cases, can reach the values of thousand kilometers per second [15] . Then the sum of detunings δ p + δ c can be estimated as (10 
Frequency shift
Equation (6) allows the determination of the frequency shift for the transition |1 → |2 . For this purpose detuning δ p can be considered as the 'scanning' parameter (variable). Then the resonance condition reads
Then the zeroth shift arises for the exact two-photon resonance δ p + δ c = 0. However, the case of δ p + δ c = 0 is rather particular. The detuning of the two-photon resonance can differ by the natural parameter γ 31 without any additional assumptions about the absorption process and, therefore, setting δ p +δ c = γ 31 , it is easily to find δ shift = Ω .
Here we can take into account the motion of hydrogen cloud by introduction of parameter β: δ c = υ/c · ω c ≡ βγ 31 and, therefore,
Thus the maximal shift, δ shift , is reached for the exact two-photon resonance, i.e when δ p + δ c = 0, and is equal to Ω 2 c /4γ 31 . In further, numerical evaluation of the frequency shift, broadening and corrections to the optical depth arising in ISM are discussed.
Numerical results
To estimate the contribution of effects arising via the illumination of atom on the adjacent transitions the corresponding values of the field strengths should be calculated. The field strength can be defined via the flux density or luminocity of the sources of light. For this purpose we use the observation data of the Damped Lyman-α systems at the 21 cm and 1216Å lines in hydrogen [15] , [16] - [31] . Thus, knowing the distance between the source and absorber we can find the value of the field strength and corresponding Rabi frequencies. To find the distance we employ the expression:
where H 0 = 2.3 · 10 −18 s −1 is the Hubble constant, z em , z abs are the redshifts of the source and absorber, respectively. The radiation intensity on absorber can be defined as
where L * is the luminocity of star (measured in units of W/Hz) which does not depend on distance. For the observed flux density S at the frequency ν the intensity on absorber can be found via
where S 0 is the measured flux density and ν 0 is the frequency of corresponding transition.
Since the results (9), (11) and (14) depends on Ω c only the flux density for the Ly α line should be determined only. It can be expressed via the electric field strength, E α , as [21] . b The one of component is considered from [29] . c The cloud 3 is considered in accordance to data [31] . c where ǫ 0 is the vacuum permittivity and µ 0 is the vacuum permeability. The data used in our calculations are collected in Table 1 . Employing equations (16)- (18) and data from Table 1 the line broadening and the frequency shift were evaluated with Eq. (11) and Eq. (14), respectively. Correction to the optical depth δτ for the zeroth and non-zeroth detunings (Doppler effect) are calculated with Eq. (9). The Doppler effect can be taken into account with the use of data in Table 1 (sixth column). We should point out also that in view of smallness of the frequency ω 21 in respect to Ly α the detuning δ p can be set equal to zero since δ p = βω p ≪ δ c = βω c . Results of the numerical calculations are given in Table 2 , notations δτ 0 and δτ correspond to the zeroth and non-zeroth detunings, respectively.
Analysis of results
In atomic physics the standard line profile (absorption or emission) is given by the Lorentz contour for the atom at rest. The Lorentz line profile can be obtained within the density matrix formalism also for the atom interacting with an external field at the secluded resonance. Then the absorption coefficient can be defined as the imaginary part of the corresponding density matrix element, see Eq. (4) . In this case the definition of the optical depth and all the subsequent physical quantities yields the results of 'ordinary' theory. However, such description is rather the zeroth approximation. The account for absorption/emission processes occuring at adjancent transitions leads to the effects which should be taken into account [8] - [12] . Evaluation of such effects within frameworks of the density matrix formalism modifies significantly the Lorentz line profile, which is given by the imaginary part of corresponding density matrix element. (14) for the |1 ↔ |2 transition is represented in the third column. In the fourth column the relative contribution of δτ is given at the detunings δ p ≪ δ c = υ c ω 32 . Values of δτ 0 are given in the last column in which the second subline contains the values of correction to the optical depth listed in Table 1 .
Eq. (14) Thereby the expression (6) was obtained. Additional terms in this line profile can be interpreted as the different interfering emission/absorption pathways in atom [12] .
Correction to the optical depth
As a result of theory presented in section 2 the correction to the optical depth can be found Eq. (9) . Here the analysis of this correction and its contribution for the 21 cm absorption line is given. It is assumed that the hydrogen atom is subjected to the radiation on two adjacent resonances (21 cm and Ly α ) from the powerful source of light.
As it follows from Eq. (8), correction to the optical depth at the |1 ↔ |2 transition is defined by the two terms of density matrix element: Im{ρ (6) dominates and represents the ordinary one-photon absorption process, whereas the second term represents the correction arising via the transitions on the adjacent resonance. However, the smallness of γ 21 , which is equal to the half of the transition probability between hyperfine sublevels of the ground state in hydrogen ∼ 10 −15 s −1 , does not allow such interpretation. Analysis of data shows that approximation Ω c ≪ γ 21 is a special case and the second term Im{ρ (2) 21 } in Eq. (6) is dominant. Then the result of Eq. (9) was obtained.
Description of the 21 cm absorption line in the interstellar medium requires the account for the velocity of clouds. It can be given by the approximate equality δ p + δ c ≈ υ c ω 32 , where values of υ are listed in Table 1 . The numerical results for δτ were obtained using Eq. (9) and collected in Table 2 , where the correction to the optical depth at zeroth detuning is given also. In particular, from Table 2 follows that contribution of δτ 0 can be significant and can exceed the accuracy of the experimental determination of τ 0 , see Table 1 . Although our analysis is rather rough, the main conclusion is that the processes occuring in atom exposed to an external field on adjacent resonances should be taken into consideration in the appropriate fitting of the absorption profile. The parameters of medium extracted from such fitting should be modified by the inclusion of Eqs. (6), (9).
None-Doppler broadening and frequency shift
Following to Eq. (6), we can analyse the absorption line profile in terms of line broadening. The contour of the absorption line derived via the density matrix element is modified by the width γ broad , Eq. (10). The maximal broadening can be estimated as Ω 2 c /4γ 31 , see Eq. (11) . The values of γ broad at zeroth detunings are given in Table  2 . However, as it follows from Table 2 , the additional multiphoton process does not influence significantly on the line profile width. With the account for motion of hydrogen cloud the smaller values of γ broad can be received. These values can be estimated by the same expression as for the frequency shift (14) . Thus, the Doppler broadening of the line profile should be the only one included in corresponding analysis.
The one of interests of such investigations consists in the determination of distances to the source of light and sizes of cloud. The accuracy of the redshift determination on the level of 10 −10 can be found in literature [32] , and reaches 10 −11 in some cases [31] . The procedure of the redshift definition can be reduced to the determination of the corresponding contour maximum. In this case the frequency shift can be obtained as Eq. (14) . Then the uncertainty of the redshift, δz shift , can be estimated via the frequency shift δ shift :
Values of δ shift are listed in the Table 2 . They are completely negligible in respect to the resonant transition frequency ω 21 = 1.4204 GHz. Thus, this effect can be totally omitted.
Conclusions
In this paper the 21cm line profile for the hydrogen atom was investigated within the frameworks of the density matrix formalism. Application of the density matrix theory allows the detailed description of the emission/absorption processes in atom when it is subjected to an external field. In the case of field influence at an adjacent resonances the additional interfering pathways of the emission/absorption processes should be taken into account [11, 12] . These additional transitions lead to the significant modification of the line profile. Moreover, the Doppler effect can be partially taken into account with the substitution δ p → υ c ω 21 and δ c → υ c ω 32 . Analysis of the 21 cm absorption line profile in hydrogen atom was restricted by the evaluation of the three-level system which is usually a good approximation. The absorption contour can be determined via the imaginary part of the corresponding density matrix element Eq. (6) . In this case the essential modification of the absorption line profile and optical depth was found. In particular, correction δτ to the optical depth arising as a result of multiphoton processes in atom should be taken into account. The results found in the paper show that the absorption line profile does not correspond to the 'ordinary' one-photon absorption process but it covers the multi-photon processes. Thus, fitting of the observed profile should lead to the overrating of the optical depth and atomic densities, respectively. Moreover, it can be expected that the absorption line profile for the matrix element Im{ρ 21 } can be formed by the second contribution in Eq. (6) when Ω c ≫ Ω p . In this case the correction to the optical depth (8) In addition, the line profile Eq. (6) allows the definition of the frequency shift for the resonant transition in atom. However, it is found that the frequency shift and corresponding values of δz shift are negligible. Nonetheless, it is possible to expect that in some cases (very powerful source of light, short distances between source and absorber, very slow clouds of interstellar hydrogen) this effect can provide a significant contribution to the determination of the redshifts and distances.
